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The E4orf6 protein of group C adenovirus is an oncoprotein that, in association with the E1B 55-kDa protein
and by E1B-independent means, promotes virus replication. An arginine-faced amphipathic �-helix in the
E4orf6 protein is required for the E4orf6 protein to direct nuclear localization of the E1B 55-kDa protein and
to enhance replication of an E4 deletion virus. In this study, E4orf6 protein variants containing arginine
substitutions in the amphipathic �-helix were analyzed. Two of the six arginine residues within the �-helix,
arginine-241 and arginine-243, were critical for directing nuclear localization of the E1B 55-kDa protein. The
four remaining arginine residues appear to provide a net positive charge for the E4orf6 protein to direct
nuclear localization of the E1B 55-kDa protein. The molecular determinants of the arginine-faced amphipathic
�-helix that were required for the functional interaction between the E4orf6 and E1B 55-kDa proteins seen in
the transfected cell differed from those required to support a productive infection. Several E4orf6 protein va-
riants with arginine-to-glutamic acid substitutions that failed to direct nuclear localization of the E1B 55-kDa
protein restored replication of an E4 deletion virus. Additionally, a variant containing an arginine-to-alanine
substitution at position 243 that directed nuclear localization of the E1B 55-kDa protein failed to enhance virus
replication. These results indicate that the ability of the E4orf6 protein to relocalize the E1B 55-kDa protein
to the nucleus can be separated from the ability of the E4orf6 protein to support a productive infection.

Open reading frame 6 of early region 4 (E4orf6) of group C
adenovirus (Ad) encodes a multifunctional protein that en-
hances viral replication (reviewed in reference 34) and acts as
an oncoprotein (38, 40, 42). Ad mutants that lack the entire E4
region are severely defective for viral DNA replication and late
viral protein synthesis (11, 26, 28). However, expression of the
E4orf6 protein in trans largely corrects the growth defect of an
E4 deletion virus (2, 31). The E4orf6 protein promotes the
biogenesis and cytoplasmic accumulation of late viral mRNA,
enhances stability of late viral RNA in the nucleus, and, as part
of a complex with the E1B 55-kDa protein, promotes the
nucleocytoplasmic transport of processed late viral mRNA to
the exclusion of many host mRNAs (reviewed in reference 17).

It has been proposed that the E4orf6-E1B 55-kDa protein
complex binds a component of the host nucleocytoplasmic
transport system to achieve the selective transport of late viral
mRNA (46). The E4orf6 protein, in cooperation with the E1A
and E1B proteins of Ad, promotes the oncogenic transforma-
tion of baby rat kidney (BRK) cells (40, 42). The E4orf6-
mediated transformation of BRK cells may stem from the
ability of the E4orf6 protein to bind and inactivate tumor
suppressor proteins such as p53 (16, 41) and p73 (27, 52), to

bind and inactivate the cyclin A protein (25), or to increase the
accumulation of mutations in the host cell genome (38, 43).

Several structural elements of the E4orf6 protein required
for its function have been identified. A protein fragment con-
taining the amino-terminal 58 amino acids of the E4orf6 pro-
tein binds both the E1B 55-kDa protein and the tumor sup-
pressor p53 protein in vitro (16, 48). Additionally, it has been
reported that the E4orf6 protein contains a cryptic leucine-rich
nuclear export signal (15) needed for E4orf6-mediated degra-
dation of p53 (41). However, the role of this cryptic nuclear
export signal in late gene expression remains controversial (10,
18, 47, 54). Although E4orf6 proteins lacking the amino ter-
minus or the cryptic nuclear export signal can cooperate with
the E1A and E1B proteins to transform BRK cells, these cells
are not as tumorogenic in nude mice as BRK cells transformed
with the E1A and E1B proteins and the wild-type E4orf6
protein (41). E4orf6 variants with substitutions among several
conserved cysteine and histidine residues fail to promote late
viral gene expression, no longer coimmunoprecipitate with the
E1B 55-kDa protein, fail to direct nuclear localization of the
E1B 55-kDa protein, fail to destabilize the p53 protein, trans-
form BRK cells with reduced efficiency, and produce trans-
formed cells with diminished oncogenic potential in nude mice
(9, 41). Boyer and Ketner have suggested that these conserved
cysteine and histidine residues coordinate with two or more
zinc ions to establish the proper tertiary structure of the E4orf6
protein (9).

A theoretical model for the structure of the E4orf6 protein
was derived by Flint and associates (13). This model suggests
the existence of a binuclear zinc coordination structure, as
proposed by Boyer and Ketner (9). The molecular model of
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Flint and associates is also consistent with the existence of an
arginine-faced amphipathic �-helix at the carboxy terminus of
the E4orf6 protein. This structure appears to be required for
many of the functions of the E4orf6 protein. E4orf6 variants
that lack this structure or contain proline substitutions within
the �-helix fail to promote virus replication (45). These E4orf6
variants also fail to direct the E1B 55-kDa protein to the cell
nucleus after transfection.

The integrity of the arginine-faced amphipathic �-helix is
required for E4orf6-mediated p53 degradation (41). An intact
arginine-faced amphipathic �-helix is also required for the full
oncogenic potential of the E4orf6 protein, as measured by the
ability to transform BRK cells and to elicit an abnormal state
of growth termed hypertransformation (41). Although these
oncogenic functions may depend, in part, on the E1B 55-kDa
protein, it is possible that the arginine-faced amphipathic �-he-
lix of the E4orf6 protein binds to and alters the activity of
cellular factors that control cell growth. For example, a motif
within the amphipathic �-helix was suggested to mediate bind-
ing to cyclin A and augment expression of a transgene present
on a recombinant adeno-associated virus (rAAV) (25). Be-
cause DNA-damaging agents promote transgene expression in
rAAV-infected cells (1), it seems possible that the E4orf6
protein may promote rAAV transgene expression by disrupt-
ing the integrity of cellular DNA or perturbing signaling path-
ways associated with DNA damage (8, 43, 44).

Here we examine the molecular features of the arginine-
faced amphipathic �-helix of the E4orf6 protein that are re-
quired to support a productive viral infection and to retain the
rapidly shuttling E1B 55-kDa protein (18, 32) in the nucleus,
which we interpret as a functional interaction between these
two proteins. The hydrophilic face of this �-helix contains six
arginine residues. Replacement of these arginine residues with
similarly charged lysine residues had little impact on the ability
to direct nuclear localization of the E1B 55-kDa protein. Two
arginine residues, at positions 241 and 243, were found to be
critical for a functional E4orf6-E1B 55-kDa protein interaction
in cells. These residues lie on opposite sides of the �-helix. The
other four arginine residues establish a positive charge in the
central region of the �-helix. A net positive charge in this
region appears to be required for the E4orf6 protein to direct
nuclear localization of the E1B 55-kDa protein.

Strikingly, the features of the arginine-faced amphipathic
�-helix required for the functional interaction with the E1B
55-kDa protein in cells differ from those required for E4orf6
protein function during a productive Ad infection. Some
E4orf6 variants that failed to retain the E1B 55-kDa protein in
the nucleus provided wild-type function during productive Ad
infection. However, an E4orf6 variant that successfully di-
rected nuclear localization of the E1B 55-kDa protein ex-
pressed either by transfection or from the viral chromosome
failed to supply E4orf6 protein function during Ad infection.
These results indicate that the ability of the E4orf6 protein to
relocalize the E1B 55-kDa protein to the nucleus can be sep-
arated from the ability of the E4orf6 protein to support a
productive infection. The separation of these functions in the
mutant proteins described here may reflect a diverse number
of interactions that are mediated by the arginine-faced amphi-
pathic �-helix of the E4orf6 protein for the many activities of
this protein.

MATERIALS AND METHODS

Cell culture and viruses. Cell culture media, cell culture supplements, and
serum were obtained from Invitrogen/Life Technologies (Gaithersburg, Md.)
through the Tissue Culture Core Laboratory of the Comprehensive Cancer
Center of Wake Forest University. HeLa and W162 cells (55) were maintained
in Dulbecco’s modified Eagle’s medium supplemented with 10% newborn calf
serum as previously described (21).

Two strains of adherent HeLa cells were used in this work. The “fast-growing”
strain of HeLa cells (CCL2.2) was obtained from the American Type Culture
Collection in the late 1980s. This strain exhibits the typical morphology and
growth rate (doubling time, �20 h) of HeLa cells. Another strain of HeLa cells
which had been propagated in the laboratory of T. Shenk is identified as a
“slow-growing” strain of HeLa cells. The doubling time of this strain is approx-
imately 36 h. This slow-growing strain of HeLa cells reaches confluence at a
lower cell density than the fast-growing strain of HeLa cells, consistent with
greater spread and a less cuboid morphology.

Ad type 5 (Ad5) strain dl309 served as the wild-type Ad5 used in these studies.
dl309 lacks a portion of the E3 region which has been shown to be dispensable
for growth in culture (29). The E4 deletion virus dl1014 was constructed by
Bridge and Ketner and described previously (12). This virus is able to express
only the orf4 protein from the E4 region. The wild-type virus, dl309, was prop-
agated in 293 cells (24). and dl1014 was propagated in W162 cells (55). Virus
stocks were prepared by sequential centrifugation through CsCl as described
previously (21).

The recombinant vaccinia virus used to express the T7 RNA polymerase,
vTF7.3, was created by Fuerst et al. (20). Expression of the E1B 55-kDa and
E4orf6 genes from the T7 promoter was achieved as described previously (23).
Briefly, 105 cells were infected with vTF7.3 in reduced-serum medium and
transfected with 1 �g of plasmid DNA mixed with 3 �g of Fugene 6 per the
manufacturer’s (Roche, Nutley, N.J.) recommendation. Cells were analyzed by
immunofluorescence between 12 and 14 h after infection and transfection. The
localizations of the E4orf6 and E1B 55-kDa proteins were identical to those
observed in cells expressing these proteins from the major immediate-early
promoter and enhancer of cytomegalovirus in noninfected cells.

For confocal laser scanning microscopy, HeLa cells were grown on glass cover
slips, infected with dl309 (29) or dl1014 (12), and simultaneously transfected with
plasmids expressing the E4orf6 variants under control of the cytomegalovirus
immediate-early promoter. For these experiments, 105 cells were exposed to 1 �g
of plasmid DNA, 3 �g of Fugene 6, and 106 PFU of Ad in a 2-ml volume of
OptiMEM (Invitrogen/Life Technologies). After 6 h at 37°C, the virus and
plasmid mixture was replaced with normal growth medium, and the cells were
processed 14 h after infection.

Plasmids and site-directed mutagenesis. The plasmids carrying the E4orf6 and
E1B 55-kDa protein genes were described previously (23, 45). Most E4orf6
variants were created by site-directed mutagenesis using PCR (7, 49). Briefly,
arginine codons were changed by performing PCR with a 5� oligonucleotide
primer containing the altered E4orf6 sequences and a 3� primer corresponding
to sequences beyond the 3� end of the E4orf6 coding region. The resulting PCR
product of approximately 150 bp was used with another oligonucleotide corre-
sponding to sequences beyond the 5� end of the E4orf6 coding region to perform
a second PCR synthesis. The resulting 1-kbp fragment containing the intended
mutation was subcloned into pGEM11z (Promega, Madison, Wis.) by standard
means.

The R4K and R241,243,244,248A E4orf6 variants were created by using the R241P
V250S variant described previously (45). Restriction digestion of R241P V250S
cDNA with NruI and StuI removes a blunt-ended, 30-bp DNA fragment encod-
ing amino acids 241 through 250 of the E4orf6 protein. A 30-base oligonucleo-
tide encoding the desired changes and its complement were annealed and ligated
into the digested R241P V250S cDNA to introduce the desired changes. The
mutations in the E4orf6 gene were verified by restriction analysis and confirmed
by automated DNA sequencing of approximately 600 to 800 bp of the construct
through the DNA Sequencing and Gene Analysis Core Laboratory of Wake
Forest University. A list of the mutagenic oligonucleotides with the diagnostic
restriction sites used in this study will be provided upon request. For expression
from an intrinsically active promoter, certain E4orf6 variant cDNAs were sub-
cloned into the pCMV Neo-BamHI vector (3) by standard means.

Indirect immunofluorescence. Indirect immunofluorescence and photomicros-
copy of whole cells were conducted as previously described (46). Double-label
immunofluorescence was performed with the mouse monoclonal antibody MAb3
(37), which is specific for the amino terminus of the E4orf6 protein, and rat
monoclonal antibody 9C10 (Oncogene Science, Uniondale, N.Y.) (56), which is
specific for the Ad5 E1B 55-kDa protein. The secondary antibodies used were
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multiple-label-qualified goat antibodies conjugated to fluorescein and Rhoda-
mine Red-X (Jackson ImmunoResearch, West Grove, Pa.) or Alexa Fluor 488
(Molecular Probes, Eugene, Oreg.).

Samples were examined with a Leitz Dialux 20 EB microscope fitted for
epifluorescent illumination and photographed using TMax film developed to an
exposure index of 1600 ASA (Eastman Kodak, Rochester, N.Y.). Some samples
were analyzed by a Zeiss LSM 510 confocal laser scanning device fitted to an
Axioplan 2 microscope. Alexa Fluor 488 and Rhodamine Red-X dyes were
excited by krypton ion and helium-neon laser excitation, respectively. Single
optical sections of approximately 1.5-�m depth at the level of the cytoplasm were
recorded as TIFF files using the LSM 510 software.

For the quantitative measurements shown in Fig. 5, a “double-blind” approach
was used to quantify the degree of nuclear localization of the E1B 55-kDa
protein. Appropriate mixtures of plasmids were prepared in randomly encoded
tubes. A second investigator performed the infection or transfection using ran-
domly labeled cultures of cells. The presence of both E4orf6 and E1B 55-kDa
proteins was verified by double-label immunofluorescence as described above,
and the localization of the E1B 55-kDa protein was scored as either cytoplasmic
or nuclear as described in the text associated with Fig. 5. At least 100 cells were
scored for each independent transfection.

Protein expression. Replicate cultures of infected and transfected cells were
collected, suspended in urea sample buffer (7.5 M urea, 50 mM Tris [pH 6.8], 1%
sodium dodecyl sulfate [SDS], 50 mM dithiothreitol, 5% �-mercaptoethanol,
0.05% bromophenol blue), sonicated, and heated for 10 min at 65°C. The
proteins were separated by sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE) and electrophoretically transferred to nitrocellulose, and
the E4orf6-related proteins and the E1B 55-kDa protein were visualized by
immunoblotting with MAb3 (37) and 2A6 (50), respectively, a secondary anti-
body conjugated to horseradish peroxidase (Jackson ImmunoResearch), and
chemiluminescence detection (Pierce, Rockford, Ill.).

Sequence analysis and molecular modeling. Sequence analysis and secondary
structure prediction were performed with the suite of programs available as the
Wisconsin Package version 10.1 (Genetics Computer Group, Madison, Wis.)
Molecular models of the amphipathic �-helix were created and analyzed with the
Sybyl suite of programs (Tripos Associates, Inc., St. Louis, Mo.). The Composer
module was used to assemble peptide models corresponding to residues 239
through 255 of the E4orf6 protein and related variants. The amino and carboxy
termini of the model were blocked with neutral blocking groups, and all hydro-
gen atoms and unpaired electrons were added. Atomic charges were assigned
from the Amber 95 model provided by Tripos Associates, Inc., and the �-carbons
were constrained to the spacing of a standard �-helix.

Electrostatic effects were introduced with a dielectric constant that varied with
interatomic distance, and the model was energetically minimized by a reiterative
process until the energy change per step was less than 0.02 kcal/mol. The Dy-
namics module was used to identify energetically reasonable configurations for
the amino acid side chains by simulating exposure to 300 K for 8 ps. The initial
velocities of the atoms in the model were randomized between repeated simu-
lations to sample the variety of allowable configurations. This repeated analysis
with different initial conditions confirmed that the simulation parameters al-
lowed all nonconstrained atoms to reach dynamic equilibrium. The resulting
structures were again minimized before using the MOLCAD module to project
the electrostatic potential onto the solvent-accessible surface of the peptide
models.

Complementation analysis. HeLa cells were infected with dl309 (29) or dl1014
(12) and simultaneously transfected with the E4orf6 variant cDNA constructs
analyzed in Fig. 7. For these experiments, 4 � 105 cells in a 65-mm culture dish
were exposed to 1 �g of plasmid DNA, 3 �g of Fugene 6, and 4 � 106 PFU of
virus in a 2-ml volume of OptiMEM (Invitrogen/Life Technologies). After 6 h at
37°C, the virus and plasmid mixture was replaced with normal growth medium.
Detailed methods for Ad plaque assays have been described elsewhere (30). In
brief, virus was harvested from the infected and transfected HeLa cells by
multiple cycles of freezing and thawing. The cell lysates were clarified by cen-
trifugation and serially diluted for infection of W162 cells (55) grown in six-well
tissue culture dishes for plaque assays. Typically, valid data were collected from
three dilutions in each series of dilutions. The virus yield was determined by
linear regression and expressed as the number of plaques per milliliter of initial
lysate.

Computer-aided graphics. Film used to record chemiluminescence and im-
munofluorescence micrographs was scanned at 300 and 600 dpi, respectively, to
produce a digitized image. Digital images were cropped using Photoshop 5.5
(Adobe Systems, Inc., San Jose, Calif.) and assembled with Canvas 5.1 and 7.0
(Deneba, Miami, Fla.) operating on a Macintosh microcomputer. Images pro-
duced by the Sybyl suite of programs were generated as 16-bit RGB files,

transported to a Macintosh microcomputer as 8-bit RGB files, assigned a new
color mapping scheme with Photoshop 5.5, and saved as 8-bit CMYK images.

RESULTS

Arginine residues in the amphipathic �-helix between posi-
tions 239 and 251 form a positively charged surface-exposed
domain. Using circular dichroism spectroscopy, we previously
demonstrated that a peptide corresponding to amino acids 239
through 255 of the 294-residue E4orf6 protein can exist as an
arginine-faced amphipathic �-helix (45). Variants of the
E4orf6 protein that lack residues 241 through 250 or contain a
proline in this region were defective. These mutant proteins
failed to retain the E1B 55-kDa protein in the nucleus when
expressed by transfection in noninfected cells, and these mu-
tant proteins failed to promote replication of an E4 deletion
virus when expressed by transfection in Ad-infected cells.
These studies suggested that an intact �-helix in the E4orf6
protein, centered about residue 245, is required for a func-
tional interaction between the E4orf6 and E1B 55-kDa pro-
teins in the cell.

To aid in identifying features of this region that underlie the
functional interaction between the E4orf6 and E1B 55-kDa
proteins, we generated a molecular model of the �-helix. The
space-filling model in Fig. 1 illustrates the 4.7 turns of the
�-helix and a potential arrangement of residues 239 through
255 of the E4orf6 protein. In this model, the peptide backbone
was constrained to a standard �-helix and the side chains were

FIG. 1. Representation of the arginine-faced amphipathic �-helix.
Amino acids 239 through 255 of the E4orf6 protein were modeled as
an �-helix. Side chains were allowed to adopt an energetically reason-
able configuration using molecular dynamics as described in Materials
and Methods. The identity of each atom is indicated by color: nitrogen,
blue; carbon, gray; oxygen, red; sulfur, yellow. Hydrogen atoms are not
shown. Atoms in the peptide backbone are rendered in a muted color.
The charged residues that are visible are labeled near the side chain.
(A) View down the helix axis from N terminus to C terminus. (B) View
of the hydrophilic face.
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allowed to adopt an energetically favored configuration using
molecular dynamics as described in Materials and Methods.

The amphipathic nature of this structure is evident when
viewed down the helix axis (Fig. 1A). Arginine-241 and argi-
nine-243 occur at the extreme sides of the hydrophilic face.
The only nonaliphatic residues in the hydrophobic backbone of
the �-helix are threonine-242 and methionine-246. A likely
distribution of the charged residues can be seen in the view of
the �-helix shown in Fig. 1B. Arginine-240, arginine-244, and
arginine-248 align on the hydrophilic face over three turns of
the �-helix (Fig. 1B). In repeated modeling efforts, arginine-
251 established a bond with the glutamic acid residue at posi-
tion 255. The theoretical structure proposed for the E4orf6
protein by Brown et al. (13) suggests that the protein adopts an
�-helical configuration beyond alanine-249. Thus, the pair of
electronegative glutamic acid residues at positions 255 and 256
may interact with the guanidinium group of arginine-251.

It seems that the remaining five arginines are free to adopt
a wide variety of configurations. This property would be con-
sistent with their position on the solvent-exposed face of this
amphipathic �-helix and would permit a significant degree of
flexibility in binding diverse ligands. These arginine residues
may form a loosely structured, positively charged region on the
surface of the E4orf6 protein.

To determine whether the identity of these six arginine res-
idues or the basic nature of these residues is critical for E4orf6-
E1B 55-kDa protein interaction, an E4orf6 variant, R4K, bear-
ing four lysine substitutions, was created and tested for a
functional interaction with the E1B 55-kDa protein (Fig. 2A).
The R4K and wild-type E4orf6 proteins were expressed with
the E1B 55-kDa protein in HeLa cells using the vaccinia vi-
rus/T7 RNA polymerase infection-transfection expression sys-
tem, and the localization of the proteins was determined. As
reported previously, the E4orf6 protein is diffusely distributed
throughout the nucleus and is excluded from the nucleoli (23,
45). Although the E1B 55-kDa protein shuttles between the
cytoplasm and nucleus (18, 32), when expressed alone, this
protein is found primarily in the cytoplasm (Fig. 2B, second
row). However, the subcellular localization of the E1B 55-kDa
protein is changed when expressed with the E4orf6 protein (23,
45). The E4orf6 protein retains the E1B 55-kDa protein in the
cell nucleus. In most cells expressing both of these adenoviral
proteins (Fig. 2B, third row), staining for the E1B 55-kDa
protein appeared coincident with staining for the E4orf6 pro-
tein.

Like the E4orf6 protein, the R4K variant was found in the
nucleus and retained a portion of the E1B 55-kDa protein in
the nucleus of cells expressing both proteins. In contrast to the
wild-type E4orf6 protein, the R4K protein appeared to be less
efficient at retaining the E1B 55-kDa protein in the nucleus. In
the example shown (Fig. 2B, fourth row), more cytoplasmic
staining is evident for E1B 55-kDa protein in the presence of
the R4K protein than in the presence of the wild-type E4orf6
protein (Fig. 2B, third row). Although the R4K protein re-

FIG. 2. E4orf6 variant bearing arginine-to-lysine substitutions
within the amphipathic �-helix retains the E1B 55-kDa protein (55K)
in the nucleus after transfection. (A) The amino acid sequence of the
amphipathic �-helix (residues 239 to 255) and a variant with lysine
substitutions at positions 241, 243, 244, and 248. (B) HeLa cells were
infected with the recombinant vaccinia virus vTF7.3 to establish ex-
pression of the T7 RNA polymerase and then transfected with cDNAs
under control of the T7 promoter to express the E4orf6-related protein
and the E1B 55-kDa protein. The transfected E4orf6 cDNAs are
identified on the left. Ad proteins were visualized by double-label
immunofluorescence 12 h after transfection. Representative cells are
shown. E4orf6 proteins were visualized with the mouse monoclonal
antibody MAb3 (37) (left column, �E4orf6), E1B 55-kDa protein was
visualized with the rat monoclonal antibody 9C10 (56) (center column,
�E1B-55K), and DNA was visualized with 4�,6�-diamidino-2-phenylin-
dole (DAPI) (right column, DNA). (C) In parallel with the samples
prepared for immunofluorescence, expression of the E4orf6 and E1B
55-kDa proteins was established by transfection of the cDNAs in
vTF7.3-infected cells indicated above each lane. Total cell protein was
isolated 12 h after transfection, separated by SDS-PAGE, and trans-

ferred to a solid support. The E4orf6-related proteins and the E1B
55-kDa protein were visualized by immunoblotting with MAb3 and
2A6 (50), respectively. Only the portion of the membranes containing
the E4orf6-related proteins and the E1B 55-kDa proteins is shown.
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tained at least a portion of the E1B 55-kDa protein in the
nucleus of every cell examined, approximately 40% of these
cells contained brighter staining for the E1B 55-kDa protein in
the cytoplasm than in the nucleus. By contrast, a variant bear-
ing alanine replacements at arginine-241, arginine-243, argi-
nine-244, and arginine-248 failed to retain the E1B 55-kDa
protein in the nucleus of cells expressing both proteins. None-
theless, since expression of the R4K protein induced nuclear
localization of at least a portion of the E1B 55-kDa protein in
each cell and expression of the R241,243,244,248A variant did not,
we conclude that the basic charge of the arginine residues
within the amphipathic �-helix contributes to the functional
interaction between the E4orf6 and E1B 55-kDa proteins seen
in transfected cells.

The diminished ability of the R4K variant to retain the E1B
55-kDa protein in the nucleus is not due to reduced levels of
the R4K protein. The steady-state level of the E4orf6, R4K,
and E1B 55-kDa proteins in HeLa cells was determined by
immunoblot. The amount of E4orf6 protein measured in cells
expressing the E4orf6 protein alone or with the E1B 55-kDa
protein was similar to the amount of R4K protein (Fig. 2C).
Neither the E4orf6 protein nor the R4K variant affected the
steady-state level of the E1B 55-kDa protein. An equivalent
amount of E1B 55-kDa protein was detected in lysates derived
from cells expressing the E1B 55-kDa protein alone, the E1B
55-kDa and E4orf6 proteins, or the R4K and E1B 55-kDa
proteins.

Basic nature of arginines 241 and 243 is required for the
E4orf6 protein to direct nuclear localization of the E1B 55-
kDa protein. A collection of single arginine-to-glutamic acid
substitution variants were created and tested for the ability to
retain the E1B 55-kDa protein in the nucleus. Representative
results are presented in Fig. 3A. In most cells expressing both
the E1B 55-kDa protein and either the R240E, R244E, R248E,
or R251E protein, a significant portion of the E1B 55-kDa
protein was detected in the nucleus. However, variants of the
E4orf6 protein with arginine-to-glutamic acid amino acid re-
placements at residues 241 or 243 failed to retain the E1B
55-kDa protein in the nucleus. Fewer than 1% of transfected
cells expressing the E1B 55-kDa and either the R241E or R243E
mutant protein contained the E1B 55-kDa protein in the nu-
cleus. Furthermore, in this minority of cells, the E1B 55-kDa
protein was uniformly distributed throughout the cell, reinforc-
ing the defective nature of these mutant E4orf6 proteins.

However, like the R4K variant, the glutamic acid substitu-
tion variants were not as efficient as the wild-type E4orf6 pro-
tein at retaining the E1B 55-kDa protein in the nucleus. The
E1B 55-kDa protein was predominantly nuclear in approxi-
mately 55% of the cells expressing both the E1B 55-kDa and
R240E proteins. In cells expressing either the R244E, R248E, or
R251E variant and the E1B 55-kDa protein, approximately
85% of the cells contained predominantly nuclear E1B 55-kDa
protein.

The diminished ability of the R240E, R244E, R248E, and
R251E variants to retain the E1B 55-kDa protein in the nucleus
and the loss of this ability in the R241E and R243E variants
cannot be attributed to a gross change in localization or to
reduced levels of the variant E4orf6 proteins. The distribution
of each of these E4orf6 variants in the vaccinia virus-infected
cell was indistinguishable from that of the wild-type E4orf6

FIG. 3. E4orf6 variants with arginine-to-glutamic acid replacement
substitutions at position 241 or 243 do not retain the E1B 55-kDa
protein (55K) in the nucleus after transfection. (A) Expression of the
E4orf6-related proteins (indicated on the left) and the E1B 55-kDa
protein was established, and the localization of the Ad proteins was
determined as described in the legend to Fig. 2. Representative images
of a single cell from each transfection are presented, with the E4orf6
protein shown in the left column (�E4orf6), E1B 55-kDa protein in the
center column (�E1B-55K), and DNA visualized with DAPI in the
right column (DNA). (B) In parallel with the samples prepared for
immunofluorescence, expression of the E4orf6 and E1B 55-kDa pro-
teins was established by transfection of the cDNAs indicated above
each lane, and the E4orf6-related proteins and the E1B 55-kDa pro-
tein were visualized by immunoblotting as described in the legend to
Fig. 2.
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protein (compare E4orf6 protein localization in Fig. 2B with
that in Fig. 3A). However, as noted previously (45), individual
cells with high levels of E4orf6 protein contained some cyto-
plasmic staining for the E4orf6 protein. Immunoblot analysis
revealed that these E4orf6-related proteins were expressed to
similar levels (Fig. 3B). Furthermore, expression of these vari-
ants did not affect the level of E1B 55-kDa protein (Fig. 3B).
Thus, the interaction of the E4orf6 and E1B 55-kDa proteins
measured by this colocalization assay is ablated by the R241E
and R243E mutations, reduced by the R240E mutation, and only
slightly affected by the R244E, R248E, and R251E mutations.

All of the E4orf6 variants created in this study directed
nuclear localization of the E1B 55-kDa protein with varying
efficiency. The series of micrographs in Fig. 4 illustrate the
various degrees to which the R240E mutant protein retained
the E1B 55-kDa protein in the nucleus. More than half of the
cells expressing both E1B 55-kDa and R240E proteins showed
predominantly nuclear staining for the E1B 55-kDa protein
(Fig. 4A and 4B). In slightly less than half of the cells, the E1B
55-kDa protein appeared to be uniformly distributed (Fig. 4C)
or predominantly restricted to the cytoplasm (Fig. 4D and E).
The variable efficiency with which the E4orf6 protein variants
directed nuclear localization of the E1B 55-kDa protein
formed the basis for the quantitative assay described below.

To determine whether the acquisition of a negative charge
or the loss of a positive charge at the position normally occu-
pied by arginine disrupted the E4orf6-E1B 55-kDa protein
interaction, single arginine-to-alanine variants were tested for
their ability to retain the E1B 55-kDa protein in the nucleus.
The ability of these as well as all other mutant E4orf6 proteins
to retain the E1B 55-kDa protein in the nucleus was quantified
by a double-blind approach. Cells expressing both the E4orf6
variant and the E1B 55-kDa protein were evaluated for the
relative staining intensity of the E1B 55-kDa protein in the
nucleus and in the cytoplasm. Cells that contained stronger
staining in the nucleus relative to the cytoplasm were scored as
having a predominantly nuclear E1B 55-kDa protein. Each
value plotted in Fig. 5 represents the average of four indepen-
dent transfection-infections from two independent experi-
ments. The ranges associated with each point indicate the
minimum and maximum value of the four measurements.

The R240A variant retained the E1B 55-kDa protein in the
nucleus of approximately 90% of cells expressing both pro-
teins. This value was significantly greater than the 55% average
measured for the related R240E variant. Moreover, the lowest

percentage of cells containing nuclear E1B 55-kDa protein in
the presence of the R240A variant (88%) exceeded the maxi-
mum value measured in the presence of the R240E variant
(62%). Therefore, it seems likely that the acquisition of a
negative charge at position 240 in the R240E variant rather
than the loss of a positive charge at this position in the R240A
variant reduced the strength of interaction with the E1B 55-
kDa protein.

Because E4orf6 variants that contained glutamic acid in
position 244, 248, or 251 behaved like the wild-type protein
with respect to retaining the E1B 55-kDa protein in the nu-
cleus, we expected the corresponding arginine-to-alanine vari-
ants to also function like the wild-type protein. This was indeed
observed. Cells expressing the E1B 55-kDa protein and either
the R244A, R248A, or R251A mutant protein contained pre-
dominantly nuclear E1B 55-kDa protein in 90 to 98% of the
cells. By contrast, the R241A and R243A variants relocalized the
E1B 55-kDa protein to the nucleus in 73 and 62% of the cells,
respectively (Fig. 5). This intermediate value, although greater
than that measured for the corresponding glutamic acid vari-
ants, is consistent with the notion that a positive charge at
positions 241 and 243 is important for this function of the
E4orf6 protein.

Further evidence in support of this idea can be derived from
the ostensibly weaker interaction of the R241A and R243A
proteins with the E1B 55-kDa protein seen in the slow-growing
strain of HeLa cells. In this strain of HeLa cells, the R241A and
R243A mutant proteins directed nuclear localization of the
E1B 55-kDa protein in fewer than 20% of the cells, whereas
the other alanine substitution mutant proteins did so to the
same extent as in the fast-growing HeLa cell variant (data not
shown).

The failure of the R241E and R243E variants and the dimin-
ished ability of the R241A and R243A variants to retain the E1B
55-kDa protein in the nucleus shows a requirement for a pos-
itively charged amino acid at positions 241 and 243 for this
property of the E4orf6 protein. Since the R241A and R243A
variants can retain at least a portion of the total E1B 55-kDa
protein in the nucleus, it is possible that a neighboring arginine
residue may partially compensate for the loss of arginine-241
or arginine-243. Therefore, double arginine-to-alanine variants
were created and tested for their ability to retain the E1B
55-kDa protein in the nucleus. An E4orf6 variant bearing argi-
nine-to-alanine substitutions at positions 240 and 241 did not
relocalize any E1B 55-kDa protein to the nucleus. Similarly,

FIG. 4. Extent of E1B 55-kDa nuclear localization in cells expressing the R240E protein varies from cell to cell. Expression of the R240E E4orf6
variant and the E1B 55-kDa protein was established and the localization of the E1B 55-kDa protein was determined as described in the legend
to Fig. 2. The localization represented in A and B was seen in 55% of the cells and scored as nuclear (Nuc). The uniform distribution represented
in C was seen in only 2% of the cells; the predominantly cytoplasmic localization seen in D and E was seen in 43% of the cells. Both the uniform
and cytoplasmic distributions were scored as cytoplasmic (Cyt).
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the R243,244A variant was completely defective in its ability to
retain the E1B 55-kDa protein in the nucleus. By contrast, two
variants that preserved arginine-241 and arginine-243, R240,251A
and R248,251A, retained the E1B 55-kDa protein in the nucleus
of 70 and 82% of cells expressing both proteins, respectively.
The properties of these double alanine substitution variants
provide further support for the importance of residues 241 and
243 for the functional interaction between the E1B 55-kDa and
E4orf6 proteins observed in cells.

Net positive charge among residues 240, 244, 248, and 251 is
required for the E4orf6 protein to direct nuclear localization
of the E1B 55-kDa protein. Under physiological conditions, the
arginine residues of the amphipathic �-helix can form a posi-
tively charged surface. Arginine-241 and arginine-243 lie on
opposite sides of the solvent-exposed face of this �-helix and
are important for the functional interaction of the E4orf6 and
E1B 55-kDa proteins observed in cells. Arginine-240, -244,
-248, and -251 can form a colinear arrangement over nearly
three turns of the �-helical segment to present a positively
charged surface.

Variant E4orf6 proteins with multiple replacements of these
four amino acids with either glutamic acid or alanine were
tested for their ability to retain the E1B 55-kDa protein in the
nucleus of cells transiently expressing both proteins. As dis-
cussed previously, E4orf6 variants containing two arginine-to-
alanine replacement mutations (R240,251A and R248,251A) re-
tained a portion of the E1B 55-kDa protein in the nucleus. By
contrast, substituting glutamic acid for arginine at these posi-
tions (R240,251E and R248,251E) ablated the E4orf6-E1B 55-
kDa protein interaction (Fig. 5). These double glutamic acid
replacement variants appeared completely defective in their
ability to retain the E1B 55-kDa protein in the nucleus. The
distribution of the E1B 55-kDa protein in cells expressing any
of the double arginine-to-glutamic acid E4orf6 variants resem-
bled that observed in cells expressing the E1B 55-kDa protein
alone.

Unlike the double arginine-to-alanine variants, the double
arginine-to-glutamic acid variants have a net neutral charge
among these four central residues. Therefore, to test the pos-
sibility that the functional E4orf6-E1B 55-kDa protein inter-
action in transfected cells requires a net positive charge among
these amino acids, cDNAs were created to express E4orf6
proteins containing triple or quadruple arginine-to-alanine re-
placement mutations. When coexpressed with the E1B 55-kDa
protein, the R240,244,251A protein directed the E1B 55-kDa
protein to the nucleus in 60% of the cells. Similar results were
observed in cells expressing the R240,248,251A variant and the
E1B 55-kDa protein. By contrast, the quadruple mutant pro-
tein, R240,244,248,251A, failed to retain the E1B 55-kDa protein
in the nucleus (Fig. 5). The localization of the E1B 55-kDa
protein in these cells resembled that observed in cells express-
ing the E1B 55-kDa protein alone (Fig. 2). The quadruple
alanine substitution variant R240,244,248,251A and the double
glutamic acid substitution variants R240,251E and R248,251E
have a net neutral charge among the four central residues.
These results lead us to suggest that a positive surface on the
hydrophilic face of the amphipathic �-helix is required for
E4orf6-E1B 55-kDa protein interaction in transfected cells.

The overall charge of the amphipathic �-helix appeared to
be important for the ability of the E4orf6 protein to retain the

FIG. 5. E4orf6 variants bearing arginine replacement mutations
within the amphipathic �-helix retain the E1B 55-kDa protein (55K) in
the nucleus less effectively than the wild-type E4orf6 protein. Expres-
sion of the E4orf6-related proteins and the E1B 55-kDa protein was
established as described in the legend to Fig. 2 but in a double-blind
fashion as described in Materials and Methods. Expression of the
E4orf6 protein variant (indicated on the left) was established, and the
localization of the E1B 55-kDa protein was determined. Approxi-
mately 100 cells expressing each E4orf6 variant and the E1B 55-kDa
protein were evaluated in each of four independent transfections. The
localization of the E1B 55-kDa protein was scored as nuclear or cyto-
plasmic as indicated in the legend to Fig. 4. Each bar represents the
average fraction of cells containing predominantly nuclear E1B 55-
kDa protein. The brackets above each bar indicate the minimum and
maximum values measured among four experiments. The solid black
bar represents the value measured for the wild-type E4orf6 protein,
the solid white bar represents the R4K variant, the gray bars represent
arginine-to-alanine replacement variants, and the hatched bars repre-
sent arginine-to-glutamic acid variants.
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E1B 55-kDa protein in the cell nucleus. However, variants with
a similar net charge differed in their ability to retain the E1B
55-kDa protein in the nucleus. To reveal a possible basis for
these differences, molecular models of the amphipathic �-helix
of the various E4orf6 mutant proteins were created, and the
theoretical charge density of these models was determined
(Fig. 6). The portion of the E4orf6 protein that was modeled
was the same as that shown in Fig. 1 and included alanine-239
through glutamic acid-255.

The orientation of the �-helices modeled in Fig. 6 is the
same as that in Fig. 1B, where the amino terminus is at the top.
These structures represent the solvent-accessible surface of the
model peptide. The electropositive potential of the molecule
was projected onto this surface and is indicated by the scale bar
in Fig. 6, where the most positive regions are mapped to deep
blue and the most negative regions are mapped to red. As
expected, the positive charge of the multiple arginine residues
in the wild-type structure (Fig. 6A) contributes to the overall
positive nature (blue) of the amino-terminal portion of the
�-helix. A possible interaction between arginine-251 and glu-
tamic acid-255 diminishes the contribution of both residues to
the potential, and that portion of the model is predicted to be
nearly neutral (orange).

The structures in Fig. 6 are arranged in rank order with
respect to the ability of the corresponding mutant E4orf6 pro-
tein to retain the E1B 55-kDa protein in the nucleus. This
ability was reported in Fig. 5 as the fraction of cells expressing
both proteins with predominantly nuclear E1B 55-kDa protein.
These values are approximately 100, 99, 90, 80, 70, 60 and 1%
for the proteins represented by Fig. 6A through G, respec-
tively. This analysis reveals that the positive charge of the
amino-terminal portion of the amphipathic �-helix is linked to
the ability of the E4orf6 protein to retain the E1B 55-kDa
protein in the nucleus. Although this pattern is not strictly
observed, as can be seen by comparing Fig. 6C and D, this
trend was noted for all 26 of the structures described in this
work (data not shown).

We also noted that the resulting electropositive surface of
the molecular model was not readily predicted from the amino
acid changes. For example, although both R244E and R241E
bear a single arginine-to-glutamic acid substitution in the
amino terminus of the �-helix, the predicted surface charge
changed considerably more in the R241E model (Fig. 6G) than
in the R244E model (Fig. 6C). Collectively, these results sug-

gest that the identity of the amino acids at positions 241 and
243 as well as the overall electropositive nature of the amino
terminus of the amphipathic �-helix of the E4orf6 protein
govern the functional interaction of the E4orf6 and E1B 55-
kDa proteins, as defined by colocalization in the nucleus dur-
ing transient expression.

E4orf6 variants exhibit a similar ability to retain the E1B
55-kDa protein in the nucleus of Ad-infected cells as in trans-
fected cells. Representative E4orf6 protein variants were
tested for their ability to retain the E1B 55-kDa protein in the
nucleus during an Ad infection. HeLa cells were infected with
the E4 deletion virus dl1014 and simultaneously transfected
with the appropriate E4orf6 expression vector. When the E1B
55-kDa protein was expressed from the viral chromosome in
the absence of any E4 products other than orf4, the E1B
55-kDa protein was predominantly cytoplasmic. The limited
amount of E1B 55-kDa protein found in the nucleus appeared
to occur as irregularly shaped aggregates (Fig. 7, vector).

The E4orf6 variants that retained the E1B 55-kDa protein in
the nucleus of cells after transfection of both Ad genes also
retained the E1B 55-kDa protein in the nucleus of dl1014-
infected cells. The wild-type and R241A E4orf6 proteins were
diffusely distributed through the nucleus and excluded from
the nucleoli. In addition, some cells showed an accumulation of
E4orf6 and E1B 55-kDa proteins at what appeared to be viral
replication centers (Fig. 7, R241A) (46).

The E4orf6 variants that failed to retain the E1B 55-kDa
protein in the nucleus after transfection largely failed to retain
the E1B 55-kDa protein in the Ad-infected cells. The examples
shown in Fig. 7 (R241E, R243E, and R240,251E) are representa-
tive of cells with no more E1B 55-kDa protein in the nucleus
than vector-transfected cells. However, the extent to which the
E1B 55-kDa protein remained excluded from the nucleus var-
ied among cells within a sample, as was observed in cells
expressing both proteins by transfection (see Fig. 4).

Curiously, whereas both the R241E and R243E proteins re-
tained the E1B 55-kDa protein in the nucleus of fewer than 1%
of the vaccinia virus-infected cells, approximately 10% of the
dl1014-infected cells expressing the R241E or R243E variant
showed significant E1B 55-kDa nuclear localization (data not
shown). In addition, the intranuclear distribution of the E4orf6
protein variants that failed to retain the E1B 55-kDa protein in
the nucleus differed from that observed in non-Ad-infected
cells. In the Ad-infected cells, the glutamic acid substitution

FIG. 6. Ability to retain the E1B 55-kDa protein in the nucleus is correlated with a more electropositive surface at the amino terminus of the
amphipathic �-helix. Amino acids 239 through 255 of E4orf6 protein variants were modeled as an �-helix as described in the legend to Fig. 1. The
solvent-accessible surface of the model peptide was calculated, and the electropositive potential of the molecule was projected onto this surface.
Electropositive regions are mapped to deep blue and electronegative regions are mapped to red, as indicated by the scale (kilocalories per mole
electron) on the right. The orientation of the �-helical peptides is the same as in Fig. 1B, where the amino terminus is at the top and the hydrophilic
face is exposed. The models and associated value for nuclear E1B 55-kDa protein retention (from Fig. 5) are (A) wild-type E4orf6 protein, 100%;
(B) R251A, 99%; (C) R244E, 91%; (D) R248,251A, 80%; (E) R241A, 72%; (F) R240,244,251A, 62%; and (G) R241E, 0.8%.
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variants were concentrated towards the periphery of the nu-
cleus and were not excluded from nucleoli (Fig. 7, R241E,
R243E, and R240,251E). Nonetheless, each E4orf6 variant ana-
lyzed in Ad-infected cells showed a similar ability to direct E1B
55-kDa protein nuclear localization whether the E1B protein
was expressed by transfection or from the viral chromosome.

Ability of the E4orf6 protein to direct nuclear localization of
the E1B 55-kDa protein is not strictly linked to its ability to
promote virus replication. Several reports have suggested that
physical and functional interaction of the E4orf6 and E1B
55-kDa proteins is important for late viral gene expression (9,

54) and intranuclear localization of the E1B 55-kDa protein
during a viral infection (46) and to correct the growth defect of
an E4 deletion virus (45). To determine if the limited ability of
the mutant E4orf6 proteins to relocalize the E1B 55-kDa pro-
tein correlated with reduced function during Ad infection, 11
of the mutant E4orf6 proteins were tested for their ability to
correct the growth defect of an E4 deletion virus, dl1014.
Surprisingly, the results described below demonstrate that the
ability of the E4orf6 protein to retain the E1B 55-kDa protein
in the nucleus is not strictly correlated with the ability of the
protein to promote virus growth.

To measure the extent to which the mutant E4orf6 proteins
correct the growth of the E4 deletion virus, both the fast- and
slow-growing strain of HeLa cells were infected with dl1014
and simultaneously transfected with the appropriate E4orf6
cDNA expression construct. After 2 days, the cells and growth
medium were collected, and the amount of virus produced was
quantified by plaque assay. The phenotypically wild-type virus
dl309 replicated to levels approximately 300-fold (Fig. 8A) or
3,000-fold (Fig. 8B) above that of the E4 deletion virus dl1014.
Expression of the wild-type E4orf6 protein did not affect rep-
lication of the wild-type virus (Fig. 8).

As reported previously (45), cells infected with dl1014 and
simultaneously transfected with a wild-type E4orf6 expression
vector produced over 200-fold more virus than cells transfected
with an empty vector or a vector expressing the defective L245P
E4orf6 mutant protein (Fig. 8 and data not shown). The trans-
fection efficiency was determined to be 18% � 2% and 13% �
2% (average of six determinations � standard deviation [SD])
for the cells analyzed in Fig. 8A and B, respectively. Therefore,
the expected virus yield after transfection of a construct that
fully restored E4 activity was 18 and 13% of the wild-type virus
yield in the respective cell lines. The dashed lines in Fig. 8
indicate these values. To within a factor of 3, transfection of
the wild-type E4orf6 expression vector restored the growth of
the mutant virus to these levels.

The virus yield from cells infected with dl1014 and trans-
fected with plasmids encoding the glutamic acid substitution
variants R241E, R243E, R244E, R248E, and R240,251E was nearly
the same (2- to 3-fold reduced) as that of dl1014-infected cells
transfected with the wild-type E4orf6 construct (Fig. 8), with
one exception. The exception, the R241E variant, nonetheless
enhanced replication of the E4 mutant virus by nearly 100-fold
in the slow-growing HeLa cell strain (Fig. 8B). We note that
the extent to which the R248E variant supported dl1014 virus
growth in this study is in good agreement with the results of
others (47, 54).

We expected the R244E and R248E variants to promote virus
growth because these E4orf6 variants behaved like the wild-
type protein with respect to altering E1B 55-kDa protein lo-
calization. However, three of the glutamic acid substitution
variants, R241E, R243E, and R240,251E, failed to retain the E1B
55-kDa protein in the nucleus, and their nearly wild-type func-
tion in this complementation assay was unexpected. Thus, it
appears that ability to promote virus growth can be dissociated
from the property of directing E1B 55-kDa protein to the
nucleus.

The alanine substitution variants R251A, R248,251A, and
R240,244,251A behaved as expected, based on their ability to
direct nuclear localization of the E1B 55-kDa protein. Each of

FIG. 7. E4orf6 variants retain the E1B 55-kDa protein (55K) in the
nucleus of Ad-infected cells with efficiency similar to that observed in
noninfected, transfected cells. HeLa cells were infected with the E4
deletion virus dl1014 at 10 PFU per cell and simultaneously transfected
with cDNAs expressing the E4orf6-related constructs indicated on the
left. The cells were processed for immunofluorescence after 14 h.
Representative confocal laser scanning images of approximately
1.5-�m depth were recorded at a plane of focus that includes the
cytoplasm. Staining for the E4orf6 protein is seen in the left column
(�E4orf6), and staining for the E1B 55-kDa protein is in the center
column (�E1B-55K). The merged image (right column) shows the
superposition of both signals as yellow.
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these variants retained the E1B 55-kDa protein in a majority of
cells transiently expressing both proteins (Fig. 5), and each of
these variants corrected the growth defect of dl1014 nearly as
well as the wild-type E4orf6 protein (Fig. 8).

However, the behavior of other alanine substitution variants
provided further support for the idea that virus growth en-
hancement can be dissociated from the property of E1B 55-

kDa protein relocalization. The quadruple alanine substitution
variant R240,244,248,251A failed to retain any E1B 55-kDa pro-
tein in the nucleus of over 400 cells evaluated that transiently
expressed both proteins (Fig. 5). This E4orf6 variant restored
the growth of dl1014 to 7 to 10% of the level associated with
the wild-type E4orf6 protein. These values represent as much
as a 300-fold increase over the yield of virus from infected cells
transfected with the empty vector (Fig. 8B). Therefore, this
E4orf6 variant has an intermediate ability to correct the growth
defect of dl1014.

Cells infected with dl1014 and simultaneously transfected
with the R241A expression construct produced approximately
the same amount of virus as dl1014-infected cells transfected
with the wild-type E4orf6 construct. This was measured in both
the fast-growing HeLa cell strain (Fig. 8A), in which the R241A
protein directed nuclear retention of the E1B 55-kDa protein
in 73% of the cells (Fig. 5), and the slow-growing HeLa cell
strain (Fig. 8B), in which only 16% of transfected cells con-
tained predominantly nuclear E1B 55-kDa protein (data not
shown). Thus, for these alanine substitution variants, the in-
ability or reduced ability to direct nuclear retention of the E1B
55-kDa protein after transfection was not reflected in the abil-
ity of this variant to correct the growth defect of an E4 deletion
virus.

In contrast to the nearly wild-type function of the R241A
protein during a virus infection, the R243A protein was defec-
tive with respect to virus growth even though, by morpholog-
ical criteria, the R243A variant resembled the R241A variant.
The R243A variant directed nuclear retention of the E1B 55-
kDa protein in 62% of the fast-growing HeLa cells (Fig. 5) and
in 17% of the slow-growing HeLa cells (data not shown).
However, both strains of HeLa cells infected with dl1014 and
simultaneously transfected with the R243A expression con-
struct failed to produce significantly more virus than dl1014-
infected cells transfected with an empty plasmid vector (Fig.
8A and 8B). Thus, although preserving some ability to retain
the E1B 55-kDa protein in the nucleus after transfection, the
R243A protein appears to be unable to correct the growth
defect of an E4 deletion virus. Together, these results lead us
to conclude that the ability to direct nuclear localization of the
E1B 55-kDa protein is neither sufficient nor necessary to com-
plement the growth of the E4 deletion virus, dl1014, under the
conditions of these assays.

Key features of the E4orf6 amphipathic �-helix are con-
served among adenoviruses. To determine if the critical fea-
tures of the arginine-faced amphipathic �-helix of the E4orf6
protein are conserved among different adenoviruses, we com-
pared the predicted sequences of five human Ad E4orf6 pro-
teins and three nonhuman Ad E4 proteins that are similar to
the human Ad E4orf6 protein. The secondary-structure pre-
diction algorithm of Chou and Fasman (14) confirmed that
each protein could adopt an �-helical conformation at the
carboxy terminus. These proteins exhibited overall identity to
the Ad2 and Ad5 E4orf6 protein ranging from 62% (human
Ad17) through 24% (bovine Ad3). The fraction of identical
amino acids in the predicted �-helix region (Ad2 and Ad5
residues 239 through 255) also varied in a similar manner, from
88% (human Ad17) to 6% (bovine Ad3).

Alignment of these sequences reveals that the critical fea-
tures of the amphipathic �-helix identified in this study may be

FIG. 8. Ability of the E4orf6 protein to retain the E1B 55-kDa
protein in the nucleus is neither necessary nor sufficient to correct the
growth defect of an E4 deletion virus. A fast-growing strain of HeLa
cells (A) and a slow-growing strain of HeLa cells (B) were infected
with an E4 deletion virus lacking all E4 open reading frames except
orf4 (dl1014) or a phenotypically wild-type virus (dl309) at 10 PFU per
cell and simultaneously transfected with cDNAs expressing the E4orf6-
related constructs listed below each bar. The E4orf6-related proteins
were expressed under the control of the major immediate-early pro-
moter of cytomegalovirus. Progeny virus was harvested after 48 h and
quantified by plaque assay. A representative experiment (of three)
showing the average amount of virus obtained from two independent
infections is shown. The range of virus recovered in the two indepen-
dent infections is indicated by the brackets on the right.
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conserved among this group of adenoviruses. In the alignment
shown in Fig. 9, conserved arginine residues are shaded black.
Basic amino acids found at the same position are shaded gray,
and divergent amino acids are not shaded. With the exception
of the canine Ad3 protein, each of these E4orf6 homologues
contains a positively charged amino acid at the position equiv-
alent to arginine-241 and arginine-243. All of these proteins
preserve a net positive charge on the residues (240, 244, 248,
and 251) that comprise the central face of the �-helix. Thus,
the key features of the arginine-faced amphipathic �-helix re-
quired for E1B 55-kDa protein nuclear localization are con-
served among these viruses. The conservation of a positively
charged amino acid at the position corresponding to arginine-
243 may reflect a more general requirement for a charged
amino acid at position 243 for a productive Ad infection.

DISCUSSION

We previously demonstrated that an arginine-faced amphi-
pathic �-helix centered at amino acid 245 is essential for the
function of the E4orf6 protein during a productive Ad5 infec-
tion (45). The integrity of this amphipathic �-helix is also
required for the E4orf6 protein to retain the predominantly
cytoplasmic E1B 55-kDa protein in the nucleus of primate cells
when both proteins are expressed by transfection (23, 45). We
interpret the changes in cellular localization of the E1B 55-
kDa protein attributed to the E4orf6 protein to reflect a func-
tional interaction between these proteins in the cell. We and
others have suggested that this functional interaction between
the E4orf6 and E1B 55-kDa proteins may be correlated with
the ability of E4orf6 protein to correct the growth defect of an
E4 deletion virus (9, 45, 54). However, the properties of E4orf6
variants created in this study lead us to conclude that the ability
to retain the E1B 55-kDa protein in the nucleus is neither
necessary nor sufficient to correct the growth defect of an E4
deletion virus.

In this work, we found that arginine-241 and arginine-243 of
the E4orf6 protein were critical for the E4orf6 protein to direct
nuclear localization of the E1B 55-kDa protein in transfected
cells (Fig. 4 and 5). The remaining four arginine residues of the
�-helix contribute a net positive charge that is needed to pre-

serve the functional interaction of the E4orf6 and E1B 55-kDa
proteins in cells. Notably, homologous proteins of other hu-
man and nonhuman Ad serotypes also contain arginine or
lysine residues at positions corresponding to 241 and 243 and
also maintain a net positive charge among the residues corre-
sponding to the other four arginines (Fig. 9).

Surprisingly, these determinants may not be the same as
those required for E4orf6 protein function during productive
Ad infection. Four E4orf6 variants that failed to relocalize the
E1B 55-kDa protein to the nucleus in transfected cells, R241E,
R243E, R240,251E, and, to a limited extent, R240,244,248,251A,
corrected the growth defect of an E4 deletion virus that ex-
pressed only the orf4 protein of E4 (Fig. 8). If redistribution of
the E1B 55-kDa protein to the nucleus reflects a functional
interaction with the E4orf6 protein, then these mutant E4orf6
proteins appear to be less dependent on an interaction with the
E1B 55-kDa protein to support a productive Ad infection.
Additionally, another E4orf6 variant, R243A, retained the E1B
55-kDa protein in the nucleus in transfected cells and during
an Ad infection (data not shown) but failed to correct the
growth defect of the E4 deletion virus. Thus, the ability to
direct nuclear localization of the E1B 55-kDa protein may not
be sufficient for E4orf6 protein function during a productive
Ad infection.

The E4orf6 variants described here demonstrate that, for
the E4orf6 protein, the ability to direct nuclear localization of
the E1B 55-kDa protein can be separated from the ability to
support a productive infection. Why might some of the mutant
E4orf6 proteins support virus growth in the apparent absence
of a functional interaction with the E1B 55-kDa protein?

One possible explanation for the behavior reported here is
that the E4orf6 protein variants were overexpressed under
control of the cytomegalovirus immediate-early promoter for
the virus complementation experiments. Under these condi-
tions, the amount of E4orf6 protein in each cell was 20- to
50-fold greater than that present during a normal Ad infection.
Perhaps a partial defect in the protein was masked at such
nonphysiologically high concentrations. Indeed, when the E1B
55-kDa protein was expressed from the viral chromosome,
some of the E4orf6 variants that failed to direct nuclear local-
ization of the E1B 55-kDa protein after transfection did so in
a fraction of the Ad-infected cells (Fig. 7 and data not shown).

Another possible explanation for the apparent separation of
E4orf6-E1B 55-kDa protein interaction and virus complemen-
tation among the mutant E4orf6 proteins is that the mutant
E4orf6 proteins may bind different cellular factors to perform
various functions. It seems plausible that the R243A variant
could bind cellular factors needed for E4orf6-E1B 55-kDa
protein interaction in cells, but not those factors required for a
productive Ad infection. Conversely, it would have to be ar-
gued that the R241E, R243E, and R240,251E variants bind cel-
lular factors required for virus growth but not those required
for interaction with the E1B 55-kDa protein. Note that this
hypothesis requires that the glutamic acid substitution E4orf6
variants have the ability to bind the cellular factors indepen-
dently of the E1B 55-kDa protein. Perhaps, for example, the
negative charge on the hydrophilic face of the glutamic acid
replacement E4orf6 protein somehow mimicked a change
brought about by association with the E1B 55-kDa protein.

A third possible explanation for the behavior of the R241E,

FIG. 9. Key features of the amphipathic �-helix are conserved
among different adenoviruses. The predicted amino acid sequence of
five human Ad E4orf6 proteins and three nonhuman Ad E4 proteins
that are similar to the human Ad E4orf6 protein were aligned at the
region corresponding to the amphipathic �-helix. The arginine resi-
dues in the Ad2 and Ad5 proteins are identified at the top of the
alignment. Arginines that occur at the same position in the other
proteins are shaded black, basic amino acids in these positions are
shaded gray, and divergent amino acids are not shaded.
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R243E, and R240,251E variants is that their function during an
Ad infection is less dependent on the E1B 55-kDa protein than
the wild-type E4orf6 protein. Perhaps, for example, one role
for the E4orf6-E1B 55-kDa protein complex is to promote
proper folding and presentation of the C-terminal amphipathic
�-helix in the E4orf6 protein. Therefore, changes to the E4orf6
protein that stabilize this amphipathic �-helix without destroy-
ing key contacts for other interactions may diminish the need
for a physical interaction with the E1B 55-kDa protein. We
suggest that this admittedly helix-centric view is not entirely
without merit. Indeed, the charge substitutions in R241E,
R243E, and R240,251E are predicted to enhance the intrinsic
stability of the �-helix through electrostatic interactions be-
tween oppositely charged residues separated by three or four
positions on the �-helix (33, 39). Thus, if the ability of the
E4orf6 amphipathic �-helix to form properly is a limiting step
for E4orf6 protein function during Ad infection, the role of the
E1B 55-kDa protein in the E4orf6-E1B 55-kDa complex may
be to establish or stabilize the C-terminal amphipathic �-helix
in the E4orf6 protein.

This hypothesis may also provide an explanation for the
cold-sensitive phenotype of E1B mutant viruses (see, for ex-
ample, reference 22). Proper formation of the amphipathic
�-helix in the E4orf6 protein probably depends on hydropho-
bic interactions within the E4orf6 protein. If the proper con-
figuration of the E4orf6 protein is promoted by an interaction
with the E1B 55-kDa protein, then this configuration might be
cold-labile in the absence of the E1B 55-kDa protein. At low
temperatures, at which hydrophobic interactions are weaker,
the E4orf6 protein would fold ineffectively, and the yield of an
E1B mutant virus would be reduced compared to the yield at
37°C. Conversely, at higher temperatures, at which hydropho-
bic interactions are stronger, the E4orf6 protein may fold in-
dependently of the E1B 55-kDa protein, allowing the E1B
mutant virus to replicate to nearly wild-type levels.

Recently, Shen and associates described variant E1B 55-kDa
proteins that failed to bind the E4orf6 protein in a coimmu-
noprecipitation assay but still supported late viral gene expres-
sion and host cell shutoff in Ad-infected A549 cells (51). This
finding suggests that mutant E1B 55-kDa proteins exist that
may support virus growth in the absence of a functional inter-
action with the E4orf6 protein. Additionally, these investiga-
tors described one E1B 55-kDa protein variant that bound the
E4orf6 protein less effectively than the wild-type E1B 55-kDa
protein. Intriguingly, the corresponding mutant virus displayed
a cold-sensitive phenotype intermediate between that of the
E1B 55-kDa protein-null virus and wild-type virus (51).

Although clearly speculative, these hypotheses provide read-
ily tested implications, the pursuit of which should increase our
understanding of the relationship between the E1B 55-kDa
and E4orf6 proteins. One immediate goal is to determine the
function of these mutant E4orf6 proteins when they are ex-
pressed from the viral chromosome. Some of these mutant
genes are being introduced into both the wild-type Ad back-
ground and viruses bearing additional mutations for this pur-
pose.

Arginine-rich, amphipathic �-helices have been implicated
in protein-protein interaction in at least three other proteins.
First, the Nef protein of human immunodeficiency virus con-
tains an amino-terminal arginine-rich amphipathic �-helix that

binds to the Lck kinase and a serine kinase that phosphorylates
both Nef and Lck (5). The interaction between the Nef am-
phipathic �-helix and the two kinases appears to be necessary
for maximum virion infectivity. Second, the NS-1 protein of
influenza A virus is a dimeric, helix-rich protein that binds
RNA (36). Helix 3 of NS-1 is an amphipathic �-helix that
appears to contribute to dimer formation (53). Third, the 14-
3-3 proteins are ubiquitous proteins involved in a number of
processes, including mitogenic signal transduction, cell cycle
progression, and oncogenesis (reviewed in references 4 and
19).

The 14-3-3 proteins bind a wide variety of protein ligands,
including the cellular Raf-1 kinase and a bacterial ADP-ribo-
syltransferase. The three-dimensional crystal structure of the
14-3-3 	-isoform shows that the ligand-binding surface, which
is present in all 14-3-3 proteins, is lined by amphipathic �-he-
lices rich in basic amino acids (35). Changes to the conserved
basic residues on the hydrophilic face selectively disrupted the
interaction with some ligands but not with others (57). Perhaps
the E4orf6 protein can also bind multiple and diverse ligands
through similar interactions via the C-terminal arginine-faced
amphipathic �-helix.

In conclusion, we have elucidated some of the requirements
of the arginine-faced amphipathic �-helix of the E4orf6 pro-
tein for a functional interaction with the E1B 55-kDa protein
and for E4orf6 protein function during Ad infection. We sug-
gest that the requirements for these two properties are not
identical. Perhaps one role for the arginine-faced amphipathic
�-helix of the E4orf6 protein is to mediate protein-protein
interactions with multiple cellular factors through different
arginine residues on the hydrophilic face. Clearly, however,
additional work is needed to confirm the structure proposed by
Flint and associates (13), to identify the cellular factors used by
the E4orf6 protein to promote virus growth (6), and to under-
stand the relationship between the E1B 55-kDa and E4orf6
proteins that contributes to the multiple activities of the
E4orf6 oncoprotein.
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